ABSTRACT: Angle-resolved ultraviolet photoelectron spectroscopy (ARUPS) was measured for one-monolayer coronene films deposited on Ag(111). The (k x ,k y )-dependent photoelectron momentum maps (PMMs), which were extracted from the ARUPS data by cuts at fixed binding energies, show finely structured patterns for the highest and the second-highest occupied molecular orbitals. While the substructure of the PMM main features is related to the 4 × 4 commensurate film structure, various features with three-fold symmetry imply an additional influence of the substrate. PMM simulations on the basis of both free-standing coronene assemblies and coronene monolayers on the Ag(111) substrate confirm a sizable molecule−molecule interaction because no substructure was observed for PMM simulations using free coronene molecules.
■ INTRODUCTION
As has been shown for a number of well-ordered organic adsorbates on crystalline surfaces, the photoelectron angular distributions of adsorbate-derived molecular states, also termed photoelectron momentum maps (PMMs), can be essentially described by a Fourier transform of the molecular orbitals computed for the free molecule.
1−5 By additionally considering band structure and Bloch states, substructures of the main PMM features can also be explained with high precision. 6 Recent angle-resolved ultraviolet photoelectron spectroscopy (ARUPS) measurements of one monolayer (1 ML) coronene thin films on Au(111) demonstrated that the momentum maps are further influenced by vibrational modes, dispersion of the molecular states, and back-folded substrate bands. 7 Single scattering cluster/molecular orbital (SSC/MO) and independent atomic center/molecular orbital (IAC/MO) calculations 8 have shown that additional fine features in the momentum maps can be described by scattering events at the secondnearest-neighbor approximation.
Recently, potassium-intercalated coronene has attracted attention for showing superconducting properties with transition temperatures up to 15 K. 9 In contrast with the samples investigated here (epitaxially grown molecular layers on a single-crystalline substrate), the samples of ref 9 were powder samples prepared by annealing nominal compositions of dopant and organic compound. In the case of epitaxially grown films, effects of charge transfer, that is, doping of the molecular layer, can also be caused by the interaction with the substrate. 10 Here, we present electronic and structural details of 1 ML coronene thin films deposited on Ag(111). In particular, we discuss the substructures in the PMMs of the highest (HOMO) and the second-highest occupied molecular orbital (HOMO− 1) in relation to the adsorbate film structure 11, 12 and the threefold symmetry of the substrate surface. Considering the phase alignment and the degeneracy of the orbitals, the influence of the molecular aggregation on the PMM of the HOMO will be shown by means of simulations. A further aim of this study is to clarify the molecular orientation of coronene molecules in monolayers by structural optimizations using density functional theory (DFT).
■ METHODOLOGY Experimental Details. All experiments were performed in ultrahigh vacuum (UHV) chambers with a base pressure in the 10 −10 mbar range. The Ag(111) and Au(111) substrates were prepared by several sputtering and annealing cycles according to standard procedures. 13 Coronene (obtained from Sigma-Aldrich and then purified via temperature gradient sublimation) was deposited onto the substrates held at room temperature using a temperature-stabilized effusion cell heated to about 100−110°C .
11
A surface analysis system (SPECS Surface Nano Analysis GmbH) was used for the photoemission experiments. The light source (aligned for He(I)α excitation and p-polarization) was a microwave-heated gas discharge lamp (UVLS) in combination with a toroidal-mirror monochromator (TMM 304), where the angle of incidence with respect to the direction of the electron detection was 50°. We measured the photoemission rate with a hemispherical electron energy analyzer (PHOIBOS 150), which was equipped with a delay line detector (3D-DLD4040-150) operated at different measurement modes. While the 2D mode of the detector takes images (300 × 200 channels) with a fixed kinetic energy (17 to 22 eV) and a fixed angular range (−13.5 to +13.5°, of which only −7 to +9°was used), the 1D mode (angular resolution was set to ±1°by using the entrance slit of the detector) acquired an integrated detector signal as spectrum. For the UPS measurements, the sample was mounted on a five-axis manipulator (x, y, z, polar angle θ, and azimuthal angle ϕ) cooled with liquid helium (T sample ≲ 30 K). During the measurements (several hours) no beam damage could be detected.
The PMMs were obtained by measuring ARUPS in the 2D mode, integrating the single images in a range from −0.125 eV to +0.125 eV around a given binding energy E b . Measurements were taken every 15°azimuthal angle (ranging from −60°to +60°) as well as every 2°polar angle, where symmetry considerations were applied subsequently by rotating the data by 120 and 240°azimuthally. In contrast, the ARUPS data, the polar scans (PS), and the azimuthal scans (AS) were acquired in the 1D mode in angular steps of 2°. While the UPS spectra, the ARUPS data, and the angular scans were smoothed with Savitzky Golay filters, the momentum maps were smoothed with a Gaussian filter, adding a high-pass filter afterward to increase the visibility of low-intensity features. The intensity curves of the angular scans were obtained by integrating the peaks after subtracting a linear background. In the case of the HOMO, the integration range was 1.9 to 3.2 eV binding energy, while that of the HOMO−1 was 3.5 to 3.9 eV. Measurement parameters (θ, ϕ, and the nonenergy channel ϑ of the detector) were converted into momentum space (k x and k y ) using the standard equations from the literature. 14, 15 All data were furthermore divided by cos(θ) to account for the electron emission characteristic.
To elucidate the molecular orientation in the adsorbate film with high precision, scanning tunneling microscopy (STM) was performed at ∼1.1 K with a JT-STM (SPECS Surface Nano Analysis GmbH). The details of the device are published elsewhere. 11, 16 Computational Details. Two types of ab initio electronic structure calculations were performed within the framework of DFT. First, DFT calculations for gas-phase coronene molecules were performed with Gaussian 09 using the hybrid-functional B3LYP and the 6-311++G(d,p) basis set. 17 We then simulated the momentum maps by calculating the ARUPS intensity I(k x , k y ) with the algorithm published in ref 1. In our experimental setup, the angle-dependent factor |A ⃗ · k ⃗ |, which appears in the formula of I(k x ,k y ) (derived from Fermi's Golden Rule), is in good approximation a constant and was thus neglected in the simulations.
Second, DFT electronic structure calculations for a coronene monolayer arranged in the 4 × 4 overlayer structure adsorbed on Ag(111) and Au(111) have been carried out using a repeated-slab approach utilizing the Vienna Ab initio Simulation Package (VASP). 18−20 The metallic substrate has been modeled by five metallic layers adding a vacuum layer of ∼18 Å between the slabs. To avoid spurious electric fields, a dipole layer was furthermore inserted in the vacuum region. 21 The generalized gradient approximation (GGA) 22 and the projector augmented wave (PAW) approach 23 were used for exchange-correlation effects and allowing for a relatively low kinetic energy cutoff of ∼500 eV, respectively. For the geometric relaxation we used a Monkhorst−Pack 24 4 × 4 × 1 grid of k-points, and a 6 × 6 × 3 grid was used for the electronic structure calculations, combined with a first-order Methfessel− Paxton smearing of 0.1 eV. 25 During the geometry optimization, the atomic positions of the molecular layer and the first two metallic layers were allowed to relax. To account for van der Waals interactions, which are ill-described in standard GGA functionals, 26, 27 we employed the vdW-surf method according to Ruiz et al. 28, 29 during the geometry optimization. No symmetry restrictions were applied. The simulation of PMMs within the final-state plane-wave approximation followed the advanced approach described in refs 6 and 30.
■ RESULTS Structural Properties. Before focusing on the electronic properties, we discuss the geometric structure of coronene monolayer films deposited on Ag(111) and on Au(111) by means of STM images and DFT structural optimizations. Previous STM and low-energy electron diffraction (LEED) measurements on coronene films on Ag(111) revealed that submonolayer films are poorly ordered up to a coverage of 0.9 ML. 11 The molecules adopt a noncommensurate film structure for increasing coverage, which continuously changes to a 4 × 4 commensurate superstructure at the coverage of 1 ML. In the case of coronene monolayers on Au(111), the films adopt a 4 × 4 geometry as well, as shown in ref 31 by means of LEED and STM.
The hexagonal overlayer periodicity can be clearly recognized in the STM images of 1 ML coronene films on Ag(111) and on Au(111) shown in Figure 1a ,b. Because the molecular features appear more smeared out in the case of Ag(111), we choose Au(111) as reference for an analysis of the azimuthal (111) suggests that the molecules are rotated noticeably against the adsorbate lattice vectors because neither the tips nor the edges of the bright hexagons representing the coronene molecules are facing each other. In the case of the 4 × 4 structure, azimuthal angles of ∼7°or ∼23°with respect to a⃗ 1 are plausible due to the repulsion of the H atoms, leading to an interdigitated alignment of the coronene molecules within the unit cell. Indeed, the structural optimization of the 4 × 4 coronene monolayer on the Au(111) surface, which was performed by calculating the total energy with DFT (E − E min ) at various azimuthal orientations, resulted in an overall minimum at ∼4° (Figure 1c ). In accordance with the DFT optimization, two molecules being rotated by the energetically favored configuration (4°) are overlaid to the STM image on Au(111) (Figure 1b) , thereby confirming the molecular rotation as appearing in the STM image. The small deviation to the experimental value (∼7°) could be due to the Au(111) surface reconstruction, 32 which was not considered in the DFT calculations. Because the unitcell dimensions are identical on the Au(111) and the Ag(111) surface, 11, 31 a similar film geometry is expected in both cases, although a Ag(111) surface reconstruction is not present. In the case of Ag(111), the calculation of the total energy shows that the energetically favored configuration adopts a rotational angle of 6°, which is, as expected, close to the rotational angle on Au(111).
It should be noted that previous investigations of coronene films on Ag(111) report, in addition to an azimuthal rotation, an out-of-plane tilt of the molecules as deduced from STM and force-field calculations 12 as well as by near-edge X-ray absorption fine structure (NEXAFS) measurements. 33 In the case of the NEXAFS measurements, however, 2 to 3 ML thick films had been prepared, where a tilt of the molecules in the second and higher layers might be responsible for the overall molecular tilt concluded. 33 In contrast to the NEXAFS measurement on Ag(111), carbon K-edge XAFS measured on coronene monolayers on Au(111) confirmed flat-lying molecules. 31 We emphasize that our DFT structural optimizations do not indicate an out-of-plane tilt of the molecules on either the Ag(111) or on the Au(111) surface. Even when started from a tilted configuration, the molecules relaxed into a film geometry with flat-lying molecules.
Electronic Structure. After focusing on the structural details, we move on to the electronic structure of the coronene/ Ag(111) interface. Figure 2a shows an experimental UPS spectrum as well as the Kohn−Sham orbital energies of a free molecule (vertical blue marks) and the projected density of states (pDOS) of a 4 × 4 coronene monolayer on Ag(111) from the DFT calculation (blue dotted line). A work function of 3.8 eV was determined from a further UPS measurement taking into account the low kinetic energy cutoff, which can be compared with a value of 3.6 eV from the DFT calculations. The comparison between experiment and theory suggests to assign the peak at 2.6 eV to the HOMO and the one at 3.8 eV to the HOMO−1. Note that the computed gas-phase energy levels have been aligned with the experimental HOMO energy position.
As can be seen from the ARUPS diagram (Figure 2b ), both the HOMO as well as the HOMO−1 have an intensity variation depending on k ∥ . Below 4 eV binding energy, a twotimes back-folded substrate band appears in the ARUPS diagram with a k-point distance of 0.6 Å −1 between the band maxima. A dispersion of ∼30 meV for the HOMO band, which was elucidated by plotting the center position of the peak against k ∥ (Figure 2b, inset) , suggests an intermolecular electronic coupling of the HOMOs, upon which a HOMOderived band is formed. A dispersion of 30 meV was measured in the case of the azimuthal scan as well (cf. Figure 4a) . Panels c and d of Figure 2 present constant binding energy momentum maps at the energies of the HOMO and the HOMO−1, respectively. In the case of the HOMO (Figure 2c ), the momentum map shows six broad maxima, which are The Journal of Physical Chemistry C Article located in the outer region of the map. Similarly, also the momentum map of the HOMO−1 (Figure 2d ) is characterized by six strong maxima that are, however, rotated by 30°c ompared with the features in the HOMO map.
While the overall appearance of the maps can be related to simulations of single molecules (see the subsequent section), there exists a number of substructures that cannot be explained in such a simple manner. The inner star-like structure observed in the HOMO PMM is, for example, similar to that observed for the Fermi surface of 1 ML coronene on Au(111) 7 as well as to that observed for the Fermi surface of Ca-intercalated graphene 34 and can be explained by a back-folding of substrate bands. The three-fold symmetry of the Ag(111) substrate further becomes visible as small intensity maxima in the inner area (highlighted by white circles in Figure 2c ), for which no analogue can be found at ±60°azimuthal rotation. Because the main maxima are not equally intense, the three-fold symmetry of the substrate is also apparent for the HOMO−1. The reciprocal lattice spots of an 8 × 8 and a 4 × 4 superstructure (which were independently calculated from the adsorbate lattice) are superimposed on the momentum maps and qualitatively explain the substructure of the main features with good precision. It is the objective of the remaining sections to explain the features and the substructure observed in the PMMs starting from free coronene molecules through freestanding assemblies of molecules to the DFT description of the coronene/Ag(111)-interface.
Momentum Maps of Single Molecules. As a first step, momentum map simulations based on the free coronene molecule are revisited.
35 Figure 3a ,b shows z-integrated probability maps (numerical summation of |Ψ| (Figure 2c,d) , albeit without the substructure.
We now focus on 1D intensity cuts through the momentum maps either in the azimuthal direction or in the polar direction, as indicated by the white dotted lines in Figure 2c ,d. These angular scans are compiled in Figure 4 , where experimental results and simulations are compared. It is apparent that each measured scan shows a double-peak structure of the main maximum, while the corresponding simulation shows only one. The measured polar scans further exhibit an enhancement of intensity in the k = −0.50 Å −1 to +0.50 Å −1 region, indicating a certain degree of hybridization of the orbitals with the substrate. 2 We remark that the double-peak structure of the angular scans was also observed for different samples measured at room temperature, as can be seen exemplarily in Figure 4a −c (red dotted lines). The decrease in the absolute intensities and the change of the peak height ratio are due to different experimental conditions and are not of major importance for the further discussion. For a more quantitative analysis of the peak features, the curves of the cooled sample were fitted with Gaussian peaks considering a suitable fit range and a constant offset.
One possible explanation for the double-peak appearance of both the experimental AS and PS may be an angular misalignment of the molecule with respect to the substrate's high-symmetry directions. The angles calculated from the peak positions obtained by the fits would lead to a rotational angle in azimuthal direction of 8.4°(using the HOMO AS) and out-ofplane tilt angles of 5.4°(using the HOMO PS) or 8.2°(using the HOMO−1 PS), respectively. However, utilizing the previously mentioned DFT calculations, the molecular orientation is likely not responsible for explaining the doublepeak features in the measured polar scans because no tilt of the molecules had been found. It is furthermore apparent that the full widths at half-maximum (FWHM) of the three simulated peaks (Figure 4d−f) are approximately twice as large as the ones of the measurements. The rotational angle calculated from the HOMO AS (8.4°) as well as slightly different rotational angles can thus not cause the peak splitting of the azimuthal scan. Consequently, the properties of isolated coronene molecules are insufficient to explain the measured angular intensity distributions.
Momentum Maps of Free-Standing Coronene Assemblies. Instead of the molecular orientation, the double-peak features in the measured angular scans and thus the substructures in the momentum maps are considered to be caused by a different physical effect, namely, the electronic coupling of 2D aggregated molecules ( Figure 5 ). The influence of the aggregation on the PMM simulations, which is motivated by a redistribution of electron density in the molecular aggregate, shall be separately modeled and discussed in the following. For the simulations presented, we consider a rotational angle of 6°, being obtained by the structural optimization shown in Figure 1c . To account for the film symmetry, six-fold rotational and mirror symmetry were applied The Journal of Physical Chemistry C Article in the PMM simulations of Figure 5 and the ones presented in the following.
First, a coronene molecule surrounded by six other molecules according to the 4 × 4 film lattice is simulated (Figure 5b,e) . The momentum map then shows new spots at 4 × 4 reciprocal lattice positions with a FWHM comparable to that of the angular scans. Performing the simulation including the next ring of 12 molecules (Figure 5c,f) further decreases the FWHM of the spots, while their number remains the same. The simulation of the single molecule (Figure 5a,b) confirms that the azimuthal orientation itself is indeed not the origin of the peak splitting because the main maxima are, in contrast with the measurements, featureless.
Besides the assembly of the molecules within the 4 × 4 lattice, also the phase alignment of the molecules' wave functions has to be considered to account for bonding and antibonding coupling. 37 An exemplary antiphase assembly is shown in Figure 6a ,c, visualized by numerically summing up Ψ(x, y, z) in the z > 0 half space. Moreover, one has to account for the coupling of the two degenerate parts of the HOMO with an exemplary orbital assembly (labeled alternating-phase) shown in Figure 6b ,d. While the antiphase assembly was obtained by inverting the phase of certain molecules (marked with the minus signs), the alternating-phase assembly was obtained by mixing the two degenerate parts of the HOMO (labeled P1 and P2). Although the underlying film structure still exhibits in both cases a 4 × 4 geometry in terms of lattice epitaxy, it resembles an 8 × 4 geometry when the phase of the molecular wave function and the degeneracy are regarded as well. Using the antiphase and the alternating-phase assembly Figure 2) are shown in the top; simulations (cf. Figure 3) are shown in the bottom row. Angular scans of a different sample measured at room temperature are shown in panels a−c as red dotted lines. The curves are enhanced in intensity with the listed factors to empirically account for different experimental conditions. In panel a also the dispersion extracted from the AS data is shown. Figure 5 . Simulation of the HOMO momentum maps (bottom row) for various assemblies of coronene molecules (top row). The molecules are, in all cases, rotated by 6°around the z-axis. In panel b, a logarithmic density scale is chosen to visualize the orbital overlap. Six-fold rotational and mirror symmetries were applied for panels d−f. Density and intensity scales are adjusted individually.
The Journal of Physical Chemistry C Article for the simulations, spots at 8 × 8 reciprocal lattice positions appear in the momentum maps (Figure 6e,f) . In contrast with the PMMs of Figure 6e ,f, the momentum map of Figure 5f was calculated on the basis of an in-phase assembly, where spots at the characteristic 8 × 8 positions could not be observed. Figure 6g shows the momentum pattern using exemplary attenuation factors of f 1 = 0.01 for the first order and f 2 = 0.0001 for the second order of molecules. Here, we introduced f 1 and f 2 as merely empirical factors, which are supposed to account for the orbital coupling between neighboring molecules. Furthermore, the sum of the antiphase, the alternating-phase, and 1/4 of the in-phase alignment was calculated. The attenuation factors as well as the prefactors of the summation are not theoretically founded but were chosen such that the substructure of the measured momentum map is well reproduced (Figure 2c ). Note further that from our measurements it cannot be distinguished whether the coupling originates from a direct coupling of the molecules or from a substrate-mediated coupling. 38 In accordance with this, f 1 and f 2 do not assume a specific coupling mechanism.
The five submaxima (labeled by the numbers 1−5 in Figure  6g ) compare favorably with the ones observed in the PMM taken at the HOMO energy (Figure 2c ). While the subpeaks 3 and 5 can also be explained by an in-phase assembly (4 × 4 geometry), an explanation of the submaxima 1, 2, and 4 requires at least the antiphase or the alternating-phase assembly (8 × 4 or 8 × 8 geometry). A change of the phase alignment with varying k ⃗ -value was also revealed for benzene molecules adsorbed on Ni(111). 37 Both a bonding and an antibonding situation, as expected from ref 37, were observed by us as well (Figure 2b ). The assignment of bonding and antibonding coupling to dispersion maxima and minima also fits the dispersion map presented in ref 7 , where 1 ML coronene films on Au(111) were investigated.
Remaining differences in the relative spot intensities between the experimental and the simulated HOMO PMMs (Figures 2c  and 6g ) might be due to the specific experimental conditions (cf. black and red dotted lines shown in Figure 4) , the fact that also other possible phase alignments than the ones considered here may contribute, and the limitations of the calculation procedure.
39,40 Furthermore, surface effects upon adsorption, such as hybridization and charge transfer, 41, 42 as well as the transition of the photoelectron from the sample to the vacuum 15 are not considered in the simulations. However, because the new features in the momentum maps are obviously caused by the molecular arrangement, the double features in the angular scans (Figure 4) as well as the substructure observed in the measured momentum maps (Figure 2c,d) can be interpreted as aggregation properties rather than being caused exclusively by tilt and rotational angles of the molecules.
Momentum Maps of Coronene Monolayers on Ag(111). In the preceding section it was qualitatively shown how molecular assemblies can alter the k-space structure and how the phase relations can possibly explain the features in PMMs. The aim of the following section will be to refine the intermolecular phase relations by considering an infinite monolayer rather than a finite-sized cluster of molecules and taking into account the influence of the substrate to compare these simulations to the experimental data.
Our simulations of the PMMs for the coronene/Ag(111) interface are based on the DFT calculations presented above (Figure 1c ) using an approach described in previous publications. 6, 30 Here, the final state of the photoemission is again assumed to be of plane wave character. Note, however, that we apply an exponential damping of the final state inside the substrate in a direction perpendicular to the surface normal to account for the limited mean-free path of the photoelectrons within the substrate. Relating this ab initio method to the considerations from the previous section, we now sum over all initial states ψ nk ⃗ of Bloch-wave character within the first Brillouin zone instead of summing over only a few contributions with selected phase relations between neighboring molecules. Therefore, the simulations naturally include a possible intermolecular dispersion through the k-dependence of the Bloch state energies ε nk ⃗ . In Figure 7a −c, we show simulated PMMs of the HOMO at three different binding energies centered around the peak maximum. We clearly recognize an energy-dependent variation of the substructure of the main HOMO lobes. To analyze this substructure further, we show a close-up of one of the six equivalent maxima in panels d−f and compare them with the corresponding experimental data in panels g−i. The measured PMMs are taken at three different binding energies, namely at the center of the HOMO emission (h) as well as at a 0.3 eV higher binding energy (g) and a 0.3 eV lower binding energy (i) with respect to the central energy of 2.6 eV. To increase the resolution in the maps, the integration range is decreased to 50 meV. We observe that in both experiment and simulation the intensity center of the main PMM feature moves to smaller k yvalues when the binding energy is decreased. At the same time, an azimuthal splitting (here in k x -direction) becomes most clear in panels f and i, corresponding to the low binding energy side of the HOMO peak. An overall good agreement between experiment and theory can be inferred from panels d to i of Figure 7 . Note that for the simulations a smaller energy spacing of 0.1 eV has been chosen, while a larger energy spread has been chosen for the measured maps due to the experimental broadening in the spectra.
■ CONCLUSIONS
It was shown that the main features of the (k x ,k y )-dependent PMMs of 1 ML coronene films on Ag(111) can be described by a photoemission process originating from coupled orbitals of neighboring molecules. The measured PMMs thus carry the signatures of both that of a single molecular orbital and that of the adsorbate lattice. It can be concluded from our calculations that already the inclusion of the nearest and the second-nearest neighbors is sufficient to account for the additional lattice features in the measured momentum maps. We further demonstrate by comparison to PMM simulations that the double-peak features in the angular scans can be explained by neither a tilt nor a rotational angle of the molecules but by the film lattice. PMM simulations performed at a structurally optimized coronene monolayer on Ag(111) confirm the appearance of the substructure due to molecule−molecule and molecule−substrate interactions.
A variety of features caused by the three-fold symmetry of the substrate could be additionally evidenced in the momentum maps. Because a coupling of the orbitals with the substrate is confirmed by means of polar scans, we further conclude that a hybridization between substrate and molecular adsorbate is responsible for the substrate influence on the momentum maps.
